Errors in chromosome segregation in oocytes and early embryos lead to embryo aneuploidy, which contributes to early pregnancy loss. At the heart of chromosome segregation is the spindle, a dynamic biomechanical machine fashioned from microtubules, which is tasked with gathering and sorting chromosomes and dispatching them to the daughter cells at the time of cell division. Understanding the causes of segregation error in the oocyte and early embryo will undoubtedly hinge on a thorough understanding of the mechanism of spindle assembly and function in these highly specialized cellular environments. The recent advent of live imaging approaches to observe chromosome segregation in real-time in oocytes and embryos, paired with gene-silencing techniques and specific inhibition for assessing the function of a protein of interest, has led to a substantial advance in our understanding of chromosome segregation in early mammalian development. These studies have uncovered numerous mechanistic differences between oocytes, embryos, and traditional model systems. In addition, a flurry of recent studies using naturally aged mice as the model for human aging have begun to shed light on the increased levels of aneuploidy seen in embryos from older mothers. Here we review these recent developments and consider what has been learned about the causes of chromosome missegregation in early development.
INTRODUCTION
A key goal of cell division is to ensure that replicated chromosomes are equally and accurately segregated into the two daughter cells. Errors cause daughter cells to inherit the wrong number of chromosomes, which is known as aneuploidy. In most cell types, chromosome segregation is efficient, and errors are relatively unusual. There are, however, settings in which segregation errors are common. A large proportion of solid tumors persistently missegregate chromosomes, and persistent aneuploidy is a hallmark of cancer [1, 2] . Another well known setting for chromosome missegregation is early mammalian development. Mammalian oocytes and embryos are prone to chromosome segregation errors which result in aneuploid fetuses. In some human aneuploidies, such as Down syndrome (trisomy 21), aneuploid fetuses can result in live offspring. However, most embryonic aneuploidies in humans are incompatible with development, and fetal aneuploidy is thus a major cause of pregnancy loss. Importantly, oocyte aneuploidy is more common with increasing maternal age and is thus a major cause of age-related infertility [3, 4] .
Chromosome segregation is achieved by the spindle, a complex biomechanical structure fashioned from microtubules (MTs) that gather and sort chromosomes at the time of cell division and then deliver the forces necessary to dispatch copies of replicated chromosomes to the daughter cells. Whereas the mechanism of spindle assembly and chromosome segregation in somatic cells has been studied intensely for many decades, the question of how this is achieved in oocytes and early embryos has received less attention. While it has been realized for some time that these mechanisms are highly specialized in mammalian oocytes and embryos, the recent advent of improved live-cell imaging combined with the ability to address the role of specific proteins by using gene manipulation and specific inhibition has generated a substantial leap forward in understanding. Here we review key recent developments and consider what has been learned about the root of developmental aneuploidies. Because much of the recent insight in this area has come from the study of mouse oocytes and embryos, this system features heavily in this minireview. For classic studies of spindle assembly in various mammals including humans, the reader is directed to references [5] [6] [7] [8] [9] .
CHROMOSOME SEGREGATION TOOLKIT
As a basis for understanding the unique approaches taken to chromosome segregation by the oocyte and embryo, it is useful to first consider the mechanisms by which chromosome segregation occurs in other mammalian cells. The spindle is a dynamic structure constructed of MTs, chain-like polymers assembled from a/b-tubulin dimers. In dividing somatic cells the major MT organizing center (MTOC) is the centrosome, consisting of a pair of perpendicular centrioles surrounded by an electron-dense cloud of pericentriolar material. In interphase, MTs are typically arranged as a radial array emanating from the centrosome, which usually sits adjacent to the nucleus. Prior to cell division, the centrosome is replicated and dispatched to opposite sides of the nucleus in prophase, in readiness for spindle formation. At the time of nuclear envelope breakdown, an increase in MT nucleating activity at the centrosomes causes two prominent MT asters that ultimately form the spindle poles. MTs emanating from those asters continuously grow and shrink in a process termed dynamic instability [10] . In doing so, MTs stochastically make contact with kinetochores, complex proteinaceous structures assembled on centromeric DNA [11, 12] , causing those MTs to become stabilized [13] . Over time the proportion of stabilized kinetochore MTs (kMTs) increases, resulting in a characteristic ''fusiform'' spindle structure (Fig. 1) . Throughout this process, the less-stable non-kMTs help to shape the geometry of the spindle. While dynamic instability forms much of the basis of MT organization, fine tuning of spindle geometry is provided by MT-associated proteins (MAPs). These include motor proteins that hydrolyze ATP to bring about movement or structural change to MTs and end-binding proteins that modify MT assembly and disassembly rates. Once correct alignment is achieved, sister chromosomes are dispatched to opposing spindle poles and ultimately into opposing daughter cells in a process termed anaphase [14] . For overviews of spindle function in mitotic cells see references [15, 16] .
The onset of anaphase is controlled by an intricate signaling network termed the spindle assembly checkpoint (SAC), which surveys the alignment and MT attachment status of the chromosomes, generating a so-called wait anaphase signal if chromosomes remain incorrectly aligned [17] . Successful chromosome alignment and MT attachment silences this checkpoint signal, permitting anaphase onset and completion of cell division. Because the roles of the SAC and cell cycle control in oocytes have recently been reviewed [18, 19] , we focus here on recent insights into the structural aspects of spindle assembly and function.
UNIQUE CHROMOSOME SEGREGATION CHALLENGES OF EARLY DEVELOPMENT
Early development presents several unique challenges for the chromosome segregation machinery. First, in order to generate a haploid set of chromosomes, oocytes undergo two successive meiotic divisions without intervening DNA replication. Each duplicated chromosome pairs with its homolog to form a structure with four chromatids known as a bivalent. Oocytes remain ''arrested'' at prophase of meiosis-I (MI) until adult life. Resumption of meiosis occurs as a result of the luteinizing hormone surge that also triggers ovulation. Completion of MI results in separation of homologous pairs of chromatids. This presents the unique challenge of keeping FIG. 1. Spindle assembly in the typical mammalian somatic cell (top) and mammalian oocyte MI (bottom). The progression of each is described in the text. Note that in somatic cells, centrosomes dictate spindle pole positioning and then ''capture'' chromosomes, leading to an ''outside-in'' mode of spindle assembly. In the mammalian oocyte, in contrast, a convergence of microtubule organizing centers (MTOCs) in the vicinity of the condensing chromosomes causes a ''ball'' of MTs that eventually elongates to form a bipolar structure in an ''inside-out'' manner.
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sister chromosomes together during chromosome segregation in MI (Figs. 2 and 3 ). Immediately after the first meiosis is completed, the second meiotic spindle forms, and chromosomes are aligned. The cell cycle then arrests at metaphase of meiosis-II (MII), and completion of meiosis occurs at the time of fertilization. MII is more reminiscent of a somatic cell in that the two sister chromatids are dispatched to opposite daughter cells.
Second, both meiotic divisions are highly asymmetrical, resulting in a large cell, which will form the basis of the fertilized embryo, and two smaller polar bodies, which are rapidly degraded. The asymmetry of meiosis is achieved by a spindle migration during MI that is dependent upon F-actin remodeling. The mechanism of spindle migration in oocytes has been the focus of intense study recently and is reviewed elsewhere [20] .
Third, in order to ensure the correct centrosomal complement following fertilization, a differential centrosome contribution is required from the two gametes. Most species achieve this by degrading centrioles during oogenesis, allowing the sperm to contribute the embryonic centrioles [21, 22] . As a result, oocytes from most species lack classical centriolar centrosomes. Thus, a key difference compared to most other animal cells is that spindle assembly in oocytes occurs by an ''acentrosomal'' pathway ( [23, 24] , and discussed below).
Fourth, early development presents a number of unusual challenges in terms of the spatial constraints of spindle function. The oocyte is an exceptionally large cell and, as such, is an unusually large container in which to assemble a spindle. Then, following fertilization, the embryo undergoes several rounds of embryonic cell divisions without any intervening cell growth, such that each successive chromosome segregation occurs in a cell approximately half the size of its predecessor. Each of these peculiarities of early development presents challenges that the spindle must overcome while endeavoring to accurately segregate chromosomes in each cell cycle.
DYNAMICS OF SPINDLE ASSEMBLY IN MAMMALIAN OOCYTES
How does spindle assembly occur in an oocyte in the absence of centrioles and centrosomes? Much of our conceptual understanding comes from studies of Xenopus laevis oocyte homogenates ("Xenopus Extracts''). In this scenario, the MTs are formed adjacent to the chromosomes and then organized into a bipolar structure. Seminal work revealed that DNA-coated beads can support the formation of bipolar spindles [25] . Thus, acentrosomal spindle assembly occurs by an ''inside-out'' approach instead of the ''outsidein'' mechanism generally adopted when centrosomes are present. It has, however, long been appreciated that the chromosomes are not the only source of MT nucleation in the intact vertebrate oocyte, as intact oocytes in both Xenopus and mammals display acentriolar MTOCs during spindle assembly [26] [27] [28] [29] . While it was appreciated that these MTOCs formed a basis for spindle assembly the spatiotemporal dynamics by which this was achieved was not clear. By readdressing this question using live confocal microscopy, a recent series of studies has described the time course of acentrosomal spindle assembly in mouse oocytes in greater detail than previously [30] [31] [32] [33] (Fig. 1) . Breakdown of the germinal vesicle (GV) triggers the formation of several dozen cytoplasmic MTOCs which then move inward toward the condensing chromosomes [30] . This centripetal MTOC movement is likely driven by the minus-directed MT motor dynein, as the movement resembles dynein-driven MT translocations during prophase-prometaphase in somatic cells [34] and is reminiscent of dynein-driven centripetal organelle movement that occurs at similar time in oocytes [35, 36] . Arrival of the MTOCs at the condensed chromosomes causes formation of a ''ball'' of MTs. Chromosomes become attached to the outer surface of the ball by their kinetochores and subsequently move across the surface of the ball to form a ''belt'' of chromosomes around the ball's equator [31] . Around the same time, MTOCs become spatially organized, clustering at two opposing poles of the sphere, positioned such that the belt of chromosomes marks the eventual location of the metaphase plate. The spindle becomes bipolar as a result of an elongation driven by the bipolar kinesin-5, pushing the two opposing zones of MTOCs apart [30] (discussed further later). The absence of centrioles means that spindle poles remain broad, even after spindle elongation, such that the spindle is characteristically barrel-shaped. Around the time of spindle elongation, some of the chromosomes on the belt invade the spindle to form the metaphase plate ( Fig. 1) .
In Xenopus extracts, the assembly of MTs around the chromosomes is coordinated by the small GTPase Ran. In this setting Ran-GTP is generated by its nucleotide exchange factor RCC1, which is associated with the chromosomes. Ran-GTP in the vicinity of the chromosomes causes release of spindle assembly factors such as NuMA, TPX2, and HURP to initiate MT nucleation [37, 38] . The possible role for Ran-GTP in the
Illustration of the notion of microtubule-kinetochore error correction in oocyte MI. Note that in MI, sister chromatids remain joined to each other through anaphase. Simultaneous attachment of MTs from both poles to any given sister pair (top) constitutes a meiotic-merotelic misattachment. Such misattachments need to be corrected prior to anaphase (center and bottom) in order to prevent lagging chromosomes (described further in text). Color scheme as in Figure 1 .
SPINDLE FUNCTION IN OOCYTES AND EMBRYOS
mammalian oocyte, where the spindle is formed by a convergence of cytoplasmic MTOCs rather than nucleation directly at the chromosomes, is thus intriguing. Live imaging of a FRET-based Ran-GTP probe revealed that chromosomes generate a Ran-GTP gradient during MI and also in MII [32] . However, interference with Ran-GTP levels reduces the number of MTOCs formed at MI entry, but does not prevent all MTOC formation, and only delays the completion of MI [30, 32] . The roles of a number of Ran-targets have been investigated in mouse oocytes. For example, the Ran-GTP target TPX2 was found to regulate acentrosomal spindle pole integrity via TACC3 phosphorylation at MTOCs [39] . TPX2 depletion in oocytes leads to a marked reduction in MT density and to aberrant spindles [39] . More recently a detailed analysis of the Ran effector HURP found it to be essential for clustering of the multiple cytoplasmic MTOCs during spindle assembly [33] . The dependence upon HURP to sort MTOCs in oocytes apparently hinges on its ability to direct formation of a central MT scaffold around the chromosomes [33] . How HURP generates stabilized MTs and how this MT scaffold is spatially organized to promote MTOC focusing remain to be established. Finally, examination of oocytes possessing a mutant form of NuMA, another known Ran effector, revealed severe chromosome misalignment in MI [40] . The apparent roles of these known Ran effectors in MI despite the observation that Ran inhibition does not prevent MI completion might indicate Ran-independent function in this setting. Importantly, MTOCs can form and generate spindle-like structures in chromosomefree fragments of eggs, revealing that at least some aspects of spindle function can occur entirely independently of chromosome-generated Ran gradient in MI [41] . In contrast to MI, inhibition of Ran causes severe spindle phenotypes in MII [32] , and these apparently different levels of importance of Ran in MI and MII spindles is worthy of further examination. It is noteworthy that other spindle-associated proteins apparently play substantive roles in MII but not MI in mammals [42, 43] . The MII spindle likely has unique specializations to cope with the prolonged metaphase arrest prior to fertilization.
The role of kinetochores in spindle assembly and kinetochore MTs in MI is still to be fully resolved. Electron microscopy studies failed to uncover kinetochore-MT interactions in early to mid-MI and instead revealed a possible role for direct interactions of MTs with chromosome arms in positioning the chromosomes [44] . More recent experiments using techniques for preferentially labeling kMTs detected them earlier in MI, increasing in number during mid-late MI [31, 45] . Accordingly, depletion or overexpression of kinetochore components disturbs spindle assembly [46] [47] [48] . Recent work suggests that kinetochores become essential for spindle assembly only in mid-late MI, although the kinetochore component Hec1 plays other unexpected signaling roles earlier in MI [46] . Resolution of the precise roles of direct ''end-on'' kMT binding and other MT-chromosome interactions [11, 49] will be important in understanding the finer details of chromosome alignment and spindle assembly.
ESTABLISHING AND MAINTAINING SPINDLE LENGTH
An intriguing feature of oocyte spindle assembly and function is that, in contrast to most dividing cells in which the spindles form to approximately the maximum size allowed by the cell's volume, the oocyte spindle remains substantially smaller than its container. Thus, whereas in other cells spindle length is influenced by ''extrinsic'' factors such as interactions 
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with the plasmalemma, spindle length is likely entirely ''intrinsically'' regulated in the oocyte [50] [51] [52] . That the spindle remains shorter than the cell in the oocyte is important, as an excessively long spindle would presumably preclude asymmetric cell divisions at MI and MII. Moreover, spindle length determination is important as defects in mechanisms that regulate spindle length are known to promote chromosome segregation errors in some systems [53] .
Kinesin-5 has emerged as the key player in determining spindle length in mammalian oocytes. Kinesin-5 is a bipolar motor protein possessing two heads, each of which moves toward the plus-ends of MTs, such that kinesin-5 slides apart antiparallel MTs [54] [55] [56] . In somatic cells, kinesin-5 contributes to the separation of centrosomes prior to spindle assembly; kinesin-5 inhibition thus causes characteristic monopolar spindles [57, 58] . In metaphase, however, kinesin-5 is largely dispensable in somatic cells [57] [58] [59] . In oocytes, which lack centrosomes, kinesin-5 drives spindle elongation during spindle formation in MI [30] , presumably by sliding antiparallel MTs apart. In contrast to somatic cells, once the spindle is assembled, kinesin-5 remains essential for maintaining bipolarity in metaphase both in MI and MII [60] [61] [62] [63] . The role of kinesin-5 in spindle length maintenance in oocytes apparently relates to its role in driving poleward-flux: the perpetual movement of MTs toward spindle poles during metaphase [61, [64] [65] [66] . Inhibition of kinesin-5 stops poleward flux, and as a result, the spindle shortens and ultimately collapses as a result of continued MT disassembly at the poles [61] . The precise mechanisms by which spindle length is restrained in oocytes remains to be determined, but it is noteworthy that disruption of spindle pole integrity causes overall spindle lengthening in oocytes [40] . Loss of pole integrity might cause mislocalization of the MT-depolymerizing activity responsible for curtailing spindle elongation [67] or may prevent MT clustering and slowing of poleward flux that would promote MT disassembly at the pole [68, 69] .
ERROR AVOIDANCE: ESTABLISHING CORRECT kMT ATTACHMENTS PRIOR TO ANAPHASE
An important development over the past several years has been the realization that in mitotic somatic cells some incorrect kinetochore-MT interactions go unnoticed by the SAC. Most notably, a kinetochore that makes attachment with MTs from both spindle poles simultaneously can go undetected by the SAC. These ''merotelic'' misattachments result in characteristic ''lagging'' chromosomes in anaphase and increase the likelihood of segregation error [70] [71] [72] . To avoid this, cells possess mechanisms for correcting misattachments, central to which is aurora-B kinase. Aurora-B is a key component of the pathway that destabilizes incorrect kMT attachments, thereby affording a second chance at correct attachment [73] . The MI equivalent of a merotelic attachment would entail attachment of a given sister kinetochore pair to both poles at once (Fig. 2) . Because, strictly speaking, this arrangement has rather complex terminology [74, 75] , we favor the term ''meiotic-merotelic'' when referring to oocyte MI. Thus the key questions have arisen: do meiotic-merotelic attachments occur in mammalian oocytes, and do oocytes possess the capacity to correct such errors?
Several lines of recent evidence suggest that this is indeed the case. Experiments labeling kMTs have shown that meioticmerotelic attachments can be detected in MI [31, 75] . The number of these misattachments gradually decreases during MI, suggesting a progressive correction process [31] . A requirement for continued correction of meiotic-merotelic attachments in late MI helps explain why treatments that accelerate the onset of anaphase promote aneuploidy [76] and why M phase is so protracted in mammalian MI (lasting approximately 8-12 h in mice and over 24 h in humans). In terms of the mechanism by which error correction occurs, pharmacological inhibition of Aurora kinases causes an increased incidence of aneuploidy in mature eggs [77, 78] and lagging chromosomes at anaphase I [31, 77] . The Aurora inhibitors used thus far are broad-spectrum inhibitors, and, intriguingly, one recent study failed to detect Aurora-B kinase in mouse oocytes, instead showing that a kinase-dead mutant of Aurora-C, an isoform previously described only in the testes, caused an increase in kMT misattachments and chromosome misalignment in MI [75] . Consistent with this, Aurora-C À/À oocytes have defective chromosome alignment in MI [79] . Also surprising is that depletion or inhibition of MCAK, a well characterized error-correcting effector of Aurora-B kinase in somatic cells, has no effect upon the fidelity of chromosome segregation in oocyte MI [62] . Other studies differ as to whether Aurora-B is expressed in oocytes and what its potential role might be [80] [81] [82] , and resolution of these differences will be important. Nonetheless the evidence so far suggests that correction of meiotic-merotelic attachments is key in MI and that the mechanisms by which this is achieved may be specialized in oocytes.
Importantly, recent investigations suggest that not only meiotic-merotelic attachments but also more major chromosome misalignments that might be expected to activate the SAC can persist through MI and contribute to errors. Several genetic interventions that cause chromosome misalignment have been studied, including depletion of the CENPE motor protein [45] , mutation of the pole-focusing MAP NuMA [40] , and use of a mlh mutant mouse [83] . These interventions result in chromosome misalignment of varying severity, each of which fails to activate the SAC. Moreover, live imaging of normal MI oocytes revealed examples of anaphase occurring with a chromosome remaining misaligned [84] . Thus, although there is now little doubt that a SAC made up of canonical checkpoint proteins such as BUB1 and MAD2 operates in MI [18, 19, 76, 85] and can be activated by spindle disruptions [86] , it appears to be incapable of delaying anaphase in response to defects in spindle assembly and chromosome alignment that would be expected to delay anaphase in other cells.
ANAPHASE IN OOCYTES
In somatic cells, separation of chromosomes in anaphase is achieved by the shortening of kMTs, causing sister chromatids to move toward opposing spindle poles (termed anaphase-A) and an accompanying spindle elongation that further separates the chromosomes (anaphase-B) [14] . Unexpectedly, recent analyses of Caenorhabditis elegans oocytes found that kMTs disassembled prior to the onset of chromosome segregation, and anaphase took place as a result of MT assembly in between the separating chromosomes, both in MI and MII. This raised the possibility that anaphase may be kMT-independent in oocytes across species [87] . However, subsequent analyses of anaphase in mouse oocyte MII revealed it to be broadly reminiscent of the somatic cell. kMTs are evident in mid anaphase, and MT photo-marking experiments revealed that kMTs shorten during anaphase as a result of disassembly both at the spindle pole and at the kinetochore end of the kMT [88] . Although kMTs have not yet been formally demonstrated in anaphase of MI, simultaneous live imaging of kinetochores and chromosomes showed that kinetochores lead chromosomes SPINDLE FUNCTION IN OOCYTES AND EMBRYOS toward spindle poles during anaphase, strongly implying that anaphase-I also occurs via the conventional means [31] . Whether anaphase in MI is kMT-led is important, as error correction mechanisms discussed previously would be irrelevant if anaphase were kMT-independent.
BASIS OF AGE-RELATED ANEUPLOIDY: CLUES FROM OLDER MICE
An important recent breakthrough in the search for the molecular causes of aneuploidy came with the discovery that, whereas MI segregation errors are rare in young laboratory mice (,3 mo old), several mouse strains exhibit oocyte aneuploidy when they reach 1-2 yr of age [89] . This can manifest as gain or loss of individual chromatids or entire sister chromosome pairs in MI [90, 91] . This provides a natural setting in which to look for age-related differences in chromosome segregation mechanisms, which might provide some clues about the causes of human oocyte aneuploidy. Initial experiments using this as a model showed that the mRNA profile of oocytes from older mice is distinct from that of younger mice [89] and that live microscopy analysis suggested that there were no differences between the duration of MI in oocytes from old mice and that of young mice, implying that oocyte aging is not associated with a dramatic deactivation of the SAC [60] . Subsequently, several groups have now reported an apparent loss of chromosome-bound cohesins in oocytes from older mothers.
Cohesins form a ring-like protein complex that encircles sister chromatids and maintains chromosome cohesion. Upon SAC silencing, the proteolytic enzyme separase is released from inhibitory sequestration by securin to cleave the a-kleisin subunit of the cohesion ring, thus permitting sister disjunction at anaphase. In oocytes, the two successive meiotic divisions mean that cohesin must be removed in two distinct phases. During anaphase-I, cohesin is cleaved on chromosome arms to allow separation of the homologous chromosomes. However, sister kinetochore pairs effectively function as a single MTbinding unit in MI, and so, cohesion must be maintained in the vicinity of the kinetochores (centromeric cohesion) during MI to maintain their proximity. Sister chromatids are segregated in MII, at which time the cohesins maintaining sister chromosome cohesion are cleaved. For overviews of cohesion function in mitosis and meiosis see [92, 93] .
The loss of chromosome cohesion in oocytes from older mice has now been shown by a number of studies by demonstrating an increased distance between sister kinetochores in metaphase-II oocytes [90, 91, 94] , an increase in the proportion of prematurely separated sister chromatids [91] , a reduction in chromosome-bound cohesion proteins by immunofluorescence [91, 94] , and by showing a reduced threshold for sister individualization by exogenous separase [95] . The extent of cohesion loss in any given oocyte may be predictive of chromosome segregation error [78] , and, importantly, increased inter-kinetochore distance with advancing age has also now been documented in humans [96] . This correlation between age and cohesion loss had also previously been documented in a mutant mouse model of accelerated senescence [97] , and in oocytes depleted of the cohesin component SMC1b [98, 99] . Thus, there is a strong body of evidence that cohesin loss and aneuploidy are closely correlated.
The cohesion loss hypothesis of oocyte aneuploidy has several appealing features. The loss of cohesions over time may reflect slow degradation of one or more cohesin components during the prolonged GV-stage arrest, resulting in loss of cohesion ring complexes. Consistent with this, once cohesion rings are formed upon entry into meiosis in fetal life, few if any additional complexes are subsequently loaded onto chromosomes prior to meiosis completion [100, 101] , an arrest that can last for decades in humans. Clearly, premature sister individualization in MII eggs caused by progressive cohesion loss could explain gain and loss of individual sisters during MII. Less obvious is why an increased inter-kinetochore distance in MI should cause gain or loss of intact sister chromosome pairs. One possibility is that the increase in distance between sister kinetochores increases the size and changes the shape of the MT-binding area of the sister pair. It is thus conceivable that a sister kinetochore pair with reduced cohesion may be predisposed to make attachments with MTs from the wrong spindle pole (Fig. 3) . Accordingly, older oocytes experience a relatively high proportion of anaphase-lagging chromosomes, which would be consistent with persistent attachment errors during anaphase [91, 94] . A functional experiment to directly test the impact of reversing cohesion loss in oocytes from older mice upon the likelihood of missegregation will be an important advance in our understanding of oocyte aneuploidy, although this is unlikely to be trivial. Although other lesions to the chromosome segregation machinery may yet be uncovered, and further examinations of the SAC and other aspects of the chromosome segregation machinery remain essential, at present cohesion-loss represents a strong molecular clue as to why oocytes from older mothers are error-prone.
CHROMOSOME SEGREGATION IN THE EARLY EMBRYO
Whereas the mechanisms of spindle function in mammalian oocytes are coming into focus and clues to the causes of errors are emerging, chromosome segregation in the early mitotic divisions remains enigmatic. Countless reports indicate that cleavage stage embryos from routine in vitro fertilization cycles carry aneuploidies. These can be a result of meiotic errors, in which case all blastomeres carry the aneuploidy. However, errors in the first few mitoses are also prevalent, giving rise to embryos with blastomeres of different ploidy status (so called ''mosaic'' or ''chaotic'' embryos) [102, 103] . Similar to meiosis, the pertinent question is why are cells of the early embryo so prone to segregation error? Although the answer to this remains obscure, recent studies have highlighted some potentially important quirks of chromosome segregation in embryos.
An obvious challenge for the spindle during preimplantation development is to cope with the decreasing cell size with subsequent divisions. Similar to Xenopus and C. elegans embryos, decreasing cell size results in smaller spindles in progressive mitoses in mouse [104, 105] . This decrease in spindle size appears to be a direct result of decreasing cell size, since cytoplasmic aspiration to produce smaller cells in mid development causes smaller spindles [104] . Moreover, spindle poles are in close apposition with the plasmalemma and buckle during anaphase-B, suggesting that the plasmalemma serves as a barrier to curtail anaphase-B spindle elongation even in nonmanipulated cells [105] . Somewhat counterintuitively, however, the first mitotic spindle (in the 1-cell embryo) is substantially shorter than the second mitotic spindle, and spindle poles in the first mitosis fail to extend to the plasmalemma even in anaphase [105] . As such, the explanation for this is unclear, although it has previously been posited that signaling remnants of the cytostatic factor arrest in MI oocytes may persist to influence the first mitosis [106, 107] . In a similar manner, factors that restrain spindle length in oocytes to allow HOWE AND FITZHARRIS asymmetric divisions in meiosis might continue to restrain spindle length in the first mitosis. In terms of the mechanism of anaphase, spinning-disk microscopy of live embryos revealed simultaneous anaphase-A and anaphase-B throughout preimplantation development, although the mechanisms driving the two components of anaphase remain to be dissected [105] . Intriguingly, the same approach revealed that embryos generated by intracytoplasmic sperm injection display anaphase-lagging chromosomes during the first embryonic mitosis far more frequently than in vitro fertilization embryos [108] . Probing the precise mechanisms of spindle assembly and anaphase will doubtless be pivotal in understanding the reasons for segregation error in embryos.
UNUSUAL CENTROSOME MATH IN THE MOUSE EMBRYO
In most mammals, including humans, centrioles are destroyed during oocyte development, allowing the sperm to contribute the embryonic centrioles. This strategy is important to avoid a potentially dangerous centrosome excess after fertilization. A long appreciated but poorly understood feature of mouse development is that not only do oocytes lack centrioles and therefore classic centrosomes but so do the sperm [109, 110] . The early dividing embryo apparently lacks classical centrosome or centrioles. A prominent focus of gamma-tubulin in interphase, suggestive of the emergence of centrosomes, is first seen in morulae. However, curiously, these early centrosomes in morulae apparently lack centrioles. Bona fide centrioles are first detected within the gammatubulin in blastocysts (approximately 64-128 cells) [104, [111] [112] [113] [114] . Thus centrosomes and centrioles follow a highly unusual life cycle during development in mouse.
The biological rationale for the absence of centrosomes in early mouse embryos is unclear, and the molecular basis for their re-emergence in morulae and blastocysts has yet to be addressed, but recent studies have begun to shed light on the impact of this unusual series of events on MT dynamics. In the absence of centrosomes, the early embryo mitotic spindle is assembled in a manner similar to that of the meiotic spindle, with centripetal convergence of cytoplasmic MTOCs followed by kinesin-5-dependent inside-out spindle bipolarization [104] . Once formed, the first several mitotic spindles continue to rely upon kinesin-5 for metaphase bipolarity, similar to that in oocytes. Upon emergence of the centrosomes in morulae and blastocysts, they locate to spindle poles [104, 113, 114] , suggesting a functional role in spindle organization. Consistent with this, centrosomes emergence in morulae and blastocysts correlates with the loss of dependence of the metaphase spindle upon kinesin-5, perhaps suggesting the completion of a shift towards mitotic (rather than meiotic) spindle function [61, 104] . Curiously however, detailed analyses of interphase MT nucleation patterns suggest that centrosomes may not have a major influence upon overall interphase MT layout [113] , although more detailed analysis of possible MT nucleation at the centrosome itself would be interesting. While the extent to which centrosomes dictate interphase MT layout can vary among cell types, the early embryo is an extreme example of a dividing cell in which the centrosomes apparently have little impact in interphase. Although the late emergence of centriole/ centrosomes is idiosyncratic to rodents, these observations nonetheless highlight atypical MT and centrosome behavior that may be relevant in other mammalian embryos. The molecular mechanism by which missegregations occur in embryos and the fate and impact of aneuploid cells upon embryo development is an important puzzle that remains to be solved.
CONCLUSIONS
From the presence of an aneuploid cell, it can be inferred that a cell division took place in which MTs failed to organize into a spindle capable of ensuring faithful chromosome segregation at anaphase. Understanding the causes of errors in oocytes and embryos will undoubtedly hinge upon deeper understanding of the mechanisms of spindle assembly. Spindles in early mammalian development use mechanisms that differ, in some respects greatly, from the traditional views of chromosome segregation learned from somatic cells. In the case of oocytes and embryos, extrapolation from somatic cells is sometimes unhelpful, and understanding the root of chromosome segregation error will undoubtedly hinge on direct examinations of these specialized cell types.
